Symmetry breaking of protein distribution and cytoskeleton organization is an 21 essential aspect for development of apico--basal polarity. In embryonic cells this 22 process is largely cell autonomous, while differentiated epithelial cells collectively 23 polarize during epithelium formation. We report here that the de novo polarization 24 of mature hepatocytes is a cell autonomous process. Single hepatocytes developed 25 bona fide secretory hemi--apical lumens upon adhesion to finely tuned substrates 26 bio--functionalized with cadherin and extra cellular matrix. The creation of this single 27 cell liver allows unprecedented control and imaging resolution of the lumenogenesis 28 process. We demonstrate that the density and localization of cadherins along the 29 initial cell--cell contact acted as a key factor triggering the reorganization from lateral 30 to apical actin cortex. Consequently, we established why hepatocytes could form 31 asymmetric lumens in heterotypic doublets involving another ectopic epithelial cell 32 originating from kidney, breast, or colon. 33 34
Introduction 35
The development of apico--basal polarity in epithelial cells requires signaling from the 36 extracellular matrix as well as from cell--cell contact. The matrix/cell junction 37 direction provides an axis of external cues along which epithelial cells break their 38 symmetry (1--3), organize their acto--myosin cortex (4), and direct the vectorial 39 transport of proteins (5, 6). Mechanical constrains and tension also play a role (7--9). This result demonstrated that the development of interspecific lumens occurs in the 115 absence of inhibitory mechanisms. It supports the hypothesis that apico--basal 116 polarity develops stably upon response to signaling cues ubiquitous to epithelial cell 117 types. In the heterotypic doublets, the organization of the tight junctions was 118 nonetheless symmetrical. We thus could not decipher if the polarity is triggered 119 autonomously based on cues present at the initial cell--cell contact, or if it requires 120 the concomitant organization of both cells in a coordinated manner. 121
We then tested if single hepatocytes could autonomously polarize in absence of 122 polarizing neighboring cells. To this end, we first cultured and fixed 123 (paraformaldehyde 4%) MDCK monolayers at 65% confluence and used them as an 124 "inert" substrate to culture fresh primary rat hepatocytes (Material and Methods). Figure 2c) . 144 We further tested if the inner ring membrane was a functional secretory apical pole 145 as suggested by the localization of the anion transporter MRP2. Confocal imaging didnot reveal any convincing detachment of the membrane from the substrate 147 suggesting either a hemi--luminal cavity below optical axial resolution (around 148 700nm) or a collapse during fixation. We thus used Reflection Interference Contrast 149 Microscopy (RICM) to measure the nanoscale distance between the substrate and 150 the plasma membrane in label--free living cells (25). This revealed (Figure  2  a) Supplementary movies 1--2). Additionally, actin filaments no longer formed a 158 characteristic ring but remained structured as a patch in the center of the contact. 159
We also added UDCA (Ursodeoxycholic acid, 40µM) to the cell culture media to 160 stimulate bile secretion, which resulted in three--fold increase (633±54nm N=16) in 161 lumen maximal height. The central lumen was largely inflated as demonstrated by 162 the multiple circular interference fringes along the lumen. Our data strongly 163 suggested that the hemi--lumens formed between hepatocyte and cadherin--coated 164 micropattern were functional and recapitulated the pulsatile behavior of canaliculi 165 observed in vivo. The small level of inflation of the lumen (around 200nm as 166 compared to 2 to 5 μm in vivo) could be explained by the expected large paracellular 167 leak resulting from a contact with the substrate that is established exclusively by 168 cadherins and likely lacking tight junctions. We then tested the extent to which the 169 spatial self--organization of junctional and polarity markers resulting solely from E--170 cadherin adhesion mimicked the organization of true canaliculi. Figure 4) , 232 strongly suggesting that the transition from actin patch to actin ring was 233 mechanically driven by acto--myosin contractility and osmotic gradients. 234
We then tested if this time sequence of events is compatible with the development 235 of real lumens between two cells. We performed 3D SIM imaging of different 236 development stages on the canaliculi (Supplementary Figure 5) . They displayed 237 gradual accumulation of a denser actin cortex (300 nm thick) at the center of the 238 contact and the gradual relocalization of ZO1 and Par 3 from the contact edge to the 239 lumen edge. Lumen inflation occurred in multiple locations along the actin dense 240 patch. We attributed this effect to the maturation of tight junctions concomitant to 241 the disengagement of adherens junctions. This leads to the local development of 242 micro lumens that eventually merged into one lumen. We concluded that the 243 process of canaliculi development in vivo and in our reductionist single cell liver 244 follow a very similar sequence of events. The time sequence of events we observed 245 also share similarities with what has been described as pre--apical actin patches (PAP) 246
and Apical Membrane Initiation Sites (AMIS) (4, 28) in MDCK doublets. However, in 247 our case the actin structure formed in vivo is far more localized at the membrane 248 than what is reported for MDCK PAP (4). 249 250
We then determined how the density and spatial arrangement of cadherin regulates 251 lumen formation. We first modulated the total amount of cadherin adhesion by 252 changing the shape and size of the pattern while keeping cadherin density constant. 253
Independent of the pattern's shape and size (Supplementary Figure 6) , lumens 254 formed with identical rate of occurrence, and remained circular with an area of 200 255 μm 2 ± 60. Unconstrained hepatocytes left to spread on un--patterned homogeneously 256 coated cadherin substrates also polarized. These lumens were more irregular in 257 shape, and could reach an area of 600 μm 2 for very large contacts (2400 μm 2 ). We 258 concluded that in our reductionist approach the lumen size and shape were largely 259 decoupled from the size and shape of the cadherin contact area. 260
Next, we varied cadherin density on the 30 μm circular pattern (Material and 261 methods). Figure 4a shows that at low cadherin densities the hepatocytes did not 262 attach. As the cadherin density increase the number of hepatocytes adhering to the 263 substrate continuously increased, however the occurrence of lumen formation 264 peaked significantly at a coating density of 10 μg/ml cadherin. Lower and higher 265 cadherin densities proved less efficient in prompting lumen formation suggesting 266 that there is an optimal density of cadherin for triggering apical surface 267 development. We used western blotting to assess the quantity of cadherins. In 268 ascending expression levels, the cell lines ranked as MDCK < EPh4 < Caco2 269 (Supplementary Figure 1b) . In the heterodoublets the probability of asymmetric cadherins outside the future luminal area was not sufficient to trigger the formation 294 of apical poles. We concluded that the lumen development originated from the local 295 engagement of cadherins rather than from an integrated signal over the whole 296 contact. 297
We reasoned that the development of actin fibers (P2 phase) and the subsequent 298 diffuse actin patch (P3 phase) from an actin poor contact area (P1 phase) was an 299 essential process in the subsequent self--organization of the apical pole. To test this 300 hypothesis we impaired the development of the fibers while still maintaining the full 301 capacity of the hepatocytes to self--organize. We plated the hepatocytes on a 302 substrate homogeneously coated with E--cad that was studded with small 303 topographical features (comprising of pillars or a grid with dimensions ranging from 304 2um to 500 nm in width, and 800nm in height, Material and Methods). Hepatocyteswere able to attach to such substrates, spreading on and in--between the 306 topographical features. Despite the homogeneous E--cadherin coating, all the feature 307 types tested resulted in inhibition of the development of P2 like actin fibers (Figure  308 4d). Actin accumulated around each topographical feature fully coated with E--309 cadherin. 310
Upon addition of matrigel, most of the actin failed to restructure and remained 311 largely "clamped" by the topography. This resulted in a drastic reduction of 312 hepatocytes with a polarized phenotype (75% polarization in the absence of 313 features, compared to 20% polarization on micropillars, 25 % on nanopillars, and 314 15% on nanogrids, Figure 4d ). The few polarized cells (discriminated by an actin 315 structure surrounded by ZO1 and Par3) exhibited a much smaller apical area (2~20% 316 vs 8~30% for control) (Figure 4e) . Independent of the apical pole size, MRP2 perfectly 317 overlaid the actin structure. However, in the non--polarized phenotypes, MRP2 was 318 diffusively recruited at the contact with the substrate (Figure 4d,e) . Our data 319 demonstrated that the self--organizing process of the cell autonomous hepatic 320 polarity development was orchestrated by the ability of the actin cortex to 321 reorganize from a suspended cortical actin structure into a loose actin meshwork at 322 cell--cell contacts. Engagement of integrin signaling at the basal poles leads to the 323 development of actin fibers at the apical pole. The development of the incorrect 324 actin structure (either by physical impairment or by local absence of cadherin 325 adhesion) led to the inhibition of the apical pole development and all subsequent 326 polarity development. 327 328
In conclusion, we have established a novel single cell model to investigate the role of 329 of cell--cell junction in apical basal polarity. Our data demonstrate that the 330 development of apical basal polarity in hepatocytes is a largely cell autonomous 331 process, independent of the nature of their epithelial neighbors. Our results strongly 332 suggest that lumen formation can occur between mature and immature hepatocytes 333 during development. Hepatic polarity appears as an emergent property induced by 334 the spatially segregated contact of cadherin and ECM adhesion without any need for 335 collective cellular response. The structural and mechanical properties of the actin 336 cortex at the lateral contact acts as a switch triggering the development of the apical 337 pole. The density and spatial distribution of cadherins at the initial cell--cell junction 338 largely regulates the development of an apical actin cortex that in turn drives the 339 polarized organization of the whole cell including that of the Golgi apparatus. 340
Our reductionist approach demonstrate that single hepatocytes can be fooled into a 341 polarized state by artificial microniches and thus constitutes, as far as bile secretion 342 is concerned, the first realization of a single cell liver. 343 344 345
Methods: 347

Microwell fabrication 348
Microwells with dimensions of 25µm in diameter and 25µm in height were 349 fabricated using an established method (29). The functionalization of the microwell 350 top, side, and bottom surfaces was achieved by coating with 10µg/ml fibronectin 351 (Sigma, P1141) for 1hour, followed by flipping into a fibronectin coated coverslip to 352 passivate the new--top surface with a solution of 0.2% pluronic acid (Sigma, P2443--353 250G). 354 355
Generation of Micropatterned substrates 356
The 2D patterns were generated by microserigraphy method (30). 100µl of 10 µg/ml 357 fibronectin or E--Cadherin (R&D System, 8875--EC) was applied to a 2X2 cm NoA 74 358 membrane on a polymer bottom dish (ibidi, 81156), and incubated overnight at 4°C. 359
The membrane was peeled off right before usage and the dish was treated with 0.2% 360 pluronic acid for 30min at RT. 361
Employing the Alveole PRIMO system, E--Cadherin coated doughnut patterns were 362 produced as recommended by the vendor. 10µl of 100µg/ml E--Cadherin solution 363 was applied to each PDMS stencil, incubated for 2 hours at room temperature 364 before rinsing with PBS 3 times. The dish was then treated with 0.2% pluronic acid 365 for 30min. 366 367
Topographical obstacles fabrication: 368
Replicas of silicon molds containing the different features (750nm in height) was 369 made by double--casting PDMS (mixed at 10:1 base and curing agent, Sylgard184, 370 Dow Corning) cured at 80°C for 3 hours, passivated overnight at low pressure with a 371 solution of Trichloro(1H,1H,2H,2H--perfluorooctyl)--silane (Sigma, 448931). 372
The textured substrates were generated by UV curing (6 min ,185 and 253nm, 373 30mW/cm2, UVO Cleaner 342--220, Jelight) a drop of low refractive index polymer 374 premix (MY134, MyPolymers), sandwiched between a glass coverslip and the PDMS 375 mold, and immersed in water. After peeling off the mold, the features were coated 376 overnight with 10μg/ml E--cadherin solution (RnD, 8875--EC--50) in PBS at 4°C and 377 washed twice with PBS before cell seeding. 378 379 hiPSC differentiation, seeding and culturing 380 hiPSC--derived hepatic progenitor or hepatocyte--like cells were generated using an 381 established protocol (18, 19, 31) . To generate heterodoublets of iPSC--derived 382 hepatocytes at mature and immature stages, hepatocyte--like cells after 25 days of 383 differentiation were detached and suspended in Hepatozyme medium (Thermo, 384 17705021), supplemented with Oncostatin M 0.01 mg/ml (Bio--Techne, 295--OM--050) 385
and Hepatocyte Growth Factor 0.05 mg/ml (Peprotech, 100--39--100) to reach a final 386 cell density of 0.5 * 10 6 cells/ml. Approximately 1 ml cell suspension was then 387 pipetted onto microwells in a 35mm glass bottom dish and placed in an incubator for 388 at least 2 hours to allow cell attachment. Extra cells that were not trapped in the 389 wells were removed by rinsing the dish with PBS buffer. The system was then 390 replenished with fresh culture medium. Cells were left in 5% CO 2 at 37°C and 95% 391 humidity for 1 day to develop polarity. 392
Hepatocyte isolation, seeding and culturing 393
Hepatocytes were isolated from male Wistar rats by a two--step in situ collagenase 394 perfusion method, as previously published (32). Animals were handled according to 395 the IACUC protocol approved by the IACUC committee of the National University of 396
Singapore. With a yield of >10 8 cells/rat, hepatocyte viability was tested to be >90% 397 by Trypan Blue exclusion assay. 398
In order to co--culture primary rat hepatocytes with another epithelial cell line, e.g. 399 MDCK, EpH4, Caco2 in a microwell array, freshly isolated rat hepatocytes (0.5 400 million) were seeded onto the microwell in the glass bottom dish and cultured in 2 401 ml of William's E culture medium supplemented with 2 mM L--Glutamine, 1 mg/ml 402 BSA, 0.3 μg/ml of insulin, 100 nM dexamethasone, 50 μg/ml linoleic acid, 100 403 units/ml penicillin, and 100 mg/ml streptomycin (Sigma--Aldrich). For micropatterning experiments, 0.5 million rat hepatocytes were added onto E--413
Cadherin coated micropatterns in a 35mm glass bottom dish and cultured in 2ml of 414
William's E medium with all seven supplements as described before. Cells were 415 incubated with 5% CO 2 at 37°C and 95% humidity. After a 3--hour incubation, the 416 system was rinsed with PBS medium to remove hepatocytes that did not attach to 417 the micropatterns. The petri dish was subsequently replenished with fresh culture 418 medium. 3--hours later, the culture medium was replaced by medium supplemented 419 with 6% matrigel. The matrigel was handled according to the protocol as described 420 To assess Golgi localization in relation to lumen position, the degree of overlay of 495 these two structures was measured. Z direction maximum intensity projection was 496 applied to all the stacks containing Grasp65 signal to extract Golgi structure, while 497 projection of selected frames of Phalloidin staining at the cell/substrate interface 498 was used to extract lumen localization. ROIs of Golgi and lumen structures were 499 created by thresholding the corresponding Z--projection images. The ratio of the 500 number of pixels of the intersection over that of actin mask was finally used to 501 describe the degree of overlaying. 502
To measure the size and circularity of hemi--lumens and cells, 3 frames of phalloidin 504 staining images at the hepatocyte/substrate interface were selected and 505 reconstructed using maximum intensity projection. The contour of the hemi--lumen 506 and cells was drawn manually based on F--actin signal using ImageJ. The Area and 507 Circularity were measured with the ImageJ measurement plugin. A circularity of 1.0 508 indicates a perfect circle. As the value approaches 0, it indicates an elongated 509 polygon. 510 511
To evaluate the MRP2 distribution and actin structure size for hepatocytes cultured 512 on textured substrate, selected frames imaged at the hepatocyte/substrate interface 513 were reconstructed using maximum intensity projection. The areas of MRP2, actin 514 structure and cells were then manually measured using ImageJ. 515 516
Statistical analysis was performed using GraphPad Prism 6 517 (https://www.graphpad.com/scientific--software/prism/). The statistical significance 518 between two groups was analyzed by Unpaired Student's t--test unless otherwise 519 stated. In all cases, a P value of less than 0.05 was considered statistically significant 520 and P value is specified in each captions .  521522523524525526527528529530531532533534535 
